as in plants transformed by shorter proximal regions, suggesting a developmentally-regulated activity of CcDREB1D promoters in tobacco and the existence of cis-regulatory elements essential for their regulation in distal regions. Under dehydration and heat shock conditions, GUS staining detected in leaf midribs and secondary veins of pHP17L-transformed plants was correlated with up-regulated expression of uidA reporter gene while no GUS activities were observed in pHP16L-transformed plants. However, all CcDREB1D promoter haplotypes were positively regulated by cold stress in transgenic tobacco. These results showed that these coffee promoters were recognized by the tobacco transcriptional machinery but were regulated in different manners in response to abiotic stress.
Introduction
Coffee is one of the most widely traded commodities on the international markets, with Brazil being the largest producer (Lashermes et al. 2008) . It is cultivated in more than 80 countries and several million people depend on coffee for their livelihoods in Latin America, Africa, and Asia. In the context of acknowledged changes in the global climate, coffee growth and yields are expected to be greatly and negatively affected by both high temperatures and water limitation (DaMatta and Ramalho 2006) . Coffee is a very environment-dependent crop and an increase of a few degrees in the average temperature of coffee-growing regions around the world is a threat to both the steady supply of quality coffees and the livelihood of millions of people who grow and produce coffee (Jaramillo et al. 2011; Davis et al. 2012) . As a consequence of global warming, the coffee-growing regions could also suffer from geographical relocation (Assad et al. 2004; Bunn et al. 2015) , leading to major environmental, economic and social problems. In such a context, the creation of new coffee varieties more adapted to climate change has become a priority (van der Vossen et al. 2015) .
With the aim of studying the genetic determinism of drought tolerance in coffee, we recently reported the identification of more than 80 candidate genes presenting differential expression profiles under drought conditions in leaves and roots of drought-tolerant (D T ) and drought-sensitive (D S ) clones of Coffea canephora Conilon Marraccini et al. 2012; Vieira et al. 2013; Costa 2014) but also in leaves and plagiotropic buds of Coffea arabica Mofatto et al. 2016) . These studies led us to identify various genes that were up-regulated under drought conditions, such as those coding for dehydrin, heat shock proteins, sugar metabolism, as well as transcription factors like DREB/CBF (dehydration responsive element binding/cold-binding factor) proteins, for example.
In higher plants, DREB genes are extensively studied because they encode transcription factors (TFs) controlling stress-tolerance pathways by inducing the expression of various genes responsive to abiotic stress (Shinozaki and Yamaguchi-Shinozaki 2007) . These genes are divided into two homologous gene families, DREB1 and DREB2, responding in different ways to abiotic stresses. In Arabidopsis thaliana, it is well accepted that expression of DREB1/CBF genes is induced by cold, while DREB2 genes are induced by dehydration, high-salinity and heat stress, for example (Lata and Prasad 2011; Tang et al. 2014) . Even though DREB1/CBF gene expression is mainly induced by cold, it is also induced by plant development and other stress conditions. For example, expression of AtDREB1D (also known as AtCBF4) is rapidly induced by drought but not by cold in Arabidopsis (Haake et al. 2002) . Expression of CBF4 genes has also been reported to be up-regulated in response to various abiotic stresses (e.g., low temperatures, drought, and salinity) in different Vitis species and varieties (Xiao et al. 2008; Zandkarimi et al. 2015) , in Medicago sativa (Quan et al. 2016) and truncatula (Li et al. 2011) , and in Populus euphratica (Tian et al. 2017) . The fact that overexpression of the DREB1D/CBF4 gene increased drought and cold tolerance in transgenic Arabidopsis (Haake et al. 2002) , drought tolerance in transgenic Glycine max (Guttikonda et al. 2014 ) and salt tolerance in transgenic Medicago (Li et al. 2011) , suggested that this gene plays important roles in plant responses to abiotic stress (Lata and Prasad 2011) .
In a first attempt to study coffee DREB genes, 31 orthologous members of the DREB subfamily were found, with the CcDREB1D gene (locus Cc02_g03430, http:// coffee-genome.org/gbrowse) being closely related to the AtDREB1D/CBF4 gene of A. thaliana (Alves 2015) . This gene is of particular interest because it displays increased expression under drought conditions, particularly in D T clone 14 of C. canephora Conilon by comparison to D S clone 22 (Marraccini et al. 2012) . The comparison of physiological and DREB1D expression data observed in different D T clones also suggested the existence of different mechanisms amongst the drought-tolerant coffee clones regarding water deficit (Marraccini et al. 2011 (Marraccini et al. , 2012 . Recently, Thioune et al. (2017) reported rapid up-regulated expression of CcDREB1D in leaves of C. canephora subjected simultaneously to low (30%) relative humidity and heat shock (35 °C). In another recent study, we also observed up-regulated expression of this gene in leaves of C. arabica subjected to cold and heat shock treatments , highlighting the key role of this gene in the responses of coffee plants to abiotic stress.
Despite the importance of DREB genes in plant response pathways to abiotic stress, limited studies analyzed the regulation of their promoters by transgenic approaches. For example, the promoter regions of AtDREB1C (Zarka et al. 2003) , OsDREB1B (Gutha and Reddy 2008) , GmDREB3 (Chen et al. 2009 ). and AtDREB2C were shown to regulate the expression of uidA reporter gene by different abiotic stresses in transgenic A. thaliana. More recently, a promoter of 1278-bp of the FeDREB1 gene from common buckwheat was shown to enhance GUS activities by drought in leaves of transgenic tobacco (Fang et al. 2015) . However, functional characterization of DREB1D promoters has neither been reported in model plants. The recent cloning of DREB1D promoters regions from the D T clone 14 and D S clone 22 of C. canephora revealed the existence of three haplotypes (called HP15, HP16 and HP17) diverging each other by several single nucleotide polymorphisms (SNPs) and insertion/deletion, with HP15 being common to both clones and HP16 and HP17 specific of clones 14 and 22, respectively. The ability of these haplotypes to regulate the expression of the uidA reporter gene was tested in C. arabica stably transformed by Agrobacterium tumefaciens and subjected to abiotic stress (Alves et al. 2017) . These results showed that full-length sequences of CcDREB1D promoter haplotypes targeted uidA gene expression mainly in leaf guard cells and that this expression was up-regulated by water deficit mimicked by PEG and low relative humidity treatments. These results also showed that the HP16 haplotype had greater strength and longer activity than HP15 and HP17 haplotypes under water deficit (Alves et al. 2017 ) but also under cold stress . Altogether these results suggest a key role of CcDREB1D promoter haplotypes in regulating differentially the expression of this gene in leaves of coffee plants subjected to different abiotic stress.
The aim of the present work was to analyze the ability of the three CcDREB1D promoter haplotypes to regulate the expression of the uidA reporter gene in transgenic plants of Nicotiana tabacum subjected to different abiotic stresses and to compare these responses with those previously observed in transgenic plants of C. arabica harboring the same constructs.
Materials and methods

Construction of promoter-GUS fusion vectors
The different haplotypes of CcDREB1D promoter sequences were fused to the uidA reporter gene in the promoterless pBI101 vector as previously described (Alves et al. 2017) leading to five pHP constructions ( Supplementary Fig.  S1 ), three harboring haplotype long sequences (pHP15L, pHP16L and pHP17L) and the two others (pHP16S and pHP17S) shortest sequences. These recombinant binary vectors, as well as pBI101 (negative control) and pBI121 (CaMV35S::uidA positive control) (Clontech, Palo Alto, CA, USA), were introduced separately in the disarmed strain into A. tumefaciens strain EHA105 by electroporation using Gene Pulser (Bio-Rad, Hercules, CA, USA).
Transformation of Nicotiana tabacum
Tobacco plants (N. tabacum cv. SRI) were grown in vitro (light-dark regime of 16 /8 h, relative humidity 60%) on solid MS medium (Murashige and Skoog 1962) for leafdisk transformation. After genetic transformation, around 20 independent T0 (primary transformant) kanamycin-resistant plants were regenerated in Petri dishes for each pHP construction. After growing in magenta for 13 weeks, T0 plants were transferred to the greenhouse [10-cm diameter pot with a mixture of soil and manure (3:1, v/v)] and self-fertilized in order to produce T1 seeds. The seeds were aseptically sown in MS medium containing 100 mg L −1 of kanamycin sulfate to identify T0 transformed plants containing a unique locus of T-DNA insertion by measuring the frequency of kanamycin-resistant plants among the T1 progenies (data not shown).
Growing conditions and stress experiments
After 6 weeks of growth in a magenta box, leaf and root explants of T0 kanamycin-resistant plants (± 4 cm in height and ± 2-3 leaf pairs) were collected and tested by histochemical GUS assay (Fig. 1) . For a better evaluation of how coffee CcDREB1D promoter haplotypes functioned in young tobacco tissues, GUS assays were also performed using small and entire T1 kanamycin-resistant plants (3 weeks old: ± 1-2 cm in height and ≈ 1-2 leaf pairs) selected in vitro after the T-DNA insertion test. Both T0 and T1 plants grown in vitro corresponded to unstressed (control) plants. The stress conditions using T0 and T1 plants are described below.
Dehydration stress
For the dehydration (DH) assays, T0 kanamycin-resistant plants (12 weeks old: ± 8-10 cm in height and ≈ 3-5 leaf pairs) grown in magenta were removed, carefully washed with water to remove the residual agar and transferred to filter papers at room temperature (24 °C) to mimic drought stress as described previously (Xia et al. 2013) . After 2, 4 and 6 h of DH, plants were replanted in magenta for 7 days under normal conditions (plant recovery), leaf explants were sampled for histochemical GUS assays and to check uidA gene expression by real-time quantitative PCR (RT-qPCR) Histochemical GUS assays were also performed using 3 weeks old entire T1 plants transformed by pHP17L grown in vitro and subjected to 6 and 12 h of DH.
Heat shock stress
Heat stress (HS) was imposed by transferring wellwatered T0 plants grown in the greenhouse (16 weeks old: ± 30-50 cm in height and ≈ 5-7 leaf pairs) to a drying oven at 40 °C for 2 and 4 h and then grown under normal conditions for 7 days (plant recovery). Leaf explants were sampled for histochemical GUS assays and to check uidA gene expression. Histochemical GUS assays were also performed using 3 weeks old entire T1 plants transformed by pHP17L grown in vitro and incubated Petri dishes in a drying oven for 6, 12, 24, 36 and 48 h.
Cold stress
For cold-stress (CS) assays, young (3 weeks old) T1 plants transformed by pHP15L, pHP16L and pHP17L were incubated at 4 °C for 12, 24, 36 and 48 h and then replanted in magenta for 7 days (plant recovery) under normal conditions. These plants were further used for histochemical GUS assays and to check uidA gene expression in leaves.
Histochemical GUS assays
The samples were incubated overnight at 37 °C in an X-Gluc (5-bromo-4-choloro-3-indolyl-β-d-glucuronide) solution (100 mM NaH 2 PO 4 , 500 mM EDTA, 0.1% Triton X-100, 0.5 mM K 3 Fe(CN) 6 , 1 mM X-Gluc solubilized in DMSO) for blue color development. After staining, the samples were kept in 70% ethanol up to chlorophyll removal. Details were analyzed using a Zeiss Stemi 508 stereomicroscope (Carl Zeiss MicroImaging GmbH, Jena, Germany), equipped with a Canon 450D digital camera.
RNA isolation and real-time quantitative PCR assays
RNA samples corresponded to leaves and roots of T0 plants and to leaves of T1 plants. These samples were frozen in liquid nitrogen and stored at − 80 °C. RNA extraction was performed by incubating approximately 100 mg of the sample with 1 mL TRIZOL Reagent ® (Ludwig Biotech, Brazil) and three stainless steel beads (0.2 mm in diameter) for 45 s (Mini-BeadBeater 96, Biospec). After centrifugation (12,000×g, 10 min, 4 °C), 200 µL of chloroform was added to the aqueous layer (5 min, RT), which was again centrifuged as described before. Total RNA was precipitated by centrifugation after adding 500 µL of isopropanol to the aqueous layer. The pellet was rinsed with 70% ethanol and resuspended in 50 µL of RNAse-free water before being stored at − 20 °C. RNA was then quantified (NanoDrop™ 1000 Spectrophotometer, Waltham, MA, USA) and contaminant genomic DNA was eliminated by treating the samples with RQ1 RNase-free DNase according to the manufacturer's instructions (Promega, Madison, WI, USA). Firststrand cDNA was synthesized by treating 1 μg of total RNA with the ImProm-II™ Reverse Transcription System with oligos (dT 15 ) according to the manufacturer's recommendations (Promega). Quantitative PCR was carried out with the synthesized single-strand cDNA described above using the protocol recommended for using 7500 Fast Real-Time PCR Systems (Applied Biosystems, Foster City, CA, USA). The cDNA preparations were then diluted (1/25-1/100) and tested by RT-qPCR. Primers (Table 1) were designed using Primer Express software (Applied Biosystems) and preliminarily tested for their specificity and efficiency against a mix of cDNA extracted from leaves of T0 kanamycin-resistant plants of N. tabacum (data not shown). The qPCR reactions were performed with 1 μL of diluted cDNA and 0.2 μM (final concentration) of each primer in a final volume of 10 μL with SYBR green fluorochrome (SYBRGreen qPCR Mix-UDG/ROX, Invitrogen), incubated for 2 min at 50 °C (Uracil DNA-Glycosilase treatment), 5 min at 95 °C (inactivation of UDGase), followed by 40 amplification cycles Fig. 1 Histochemical localization of GUS activity in unstressed tobacco plants (6 weeks old). GUS staining was performed in leaves and roots of T0 plants transformed with pBI101 (negative control), pBI121 (positive control), pHP15L, pHP16S, pHP16L, pHP17S and pHP17L. For all images, the scale (black bar) corresponds to 1 mm of 3 s at 95 °C and 30 s at 60 °C (annealing and elongation). Data were analyzed using SDS 2.1 software (Applied Biosystems) to determine cycle threshold (Ct) values. The specificity of the PCR products generated for each set of primers was verified by analyzing the Tm (dissociation) of amplified products. PCR efficiency (E) was estimated using absolute fluorescence data captured during the exponential phase of amplification of each reaction with the equation (1 + E) = 10 (−1/slope) (Ramakers et al. 2003) . Efficiency values were taken into account in all subsequent calculations. Expression levels were calculated by applying the formula (1 + E) −ΔΔCt where ΔCt target = Ct uidA − Ct NtACT and ΔΔCt = ΔCt target − ΔCt reference sample , with an internal sample (indicated in figure legends) being used as a reference. Gene expression levels were quantified relative to the expression of the actin-encoding gene NtACT (GenBank accession number GQ339768) used as the reference gene (Nair et al. 2014 ).
Statistics
For RT-qPCR analyses, the relative quantification values correspond to the mean of at least three biological repetitions analyzed by three technical replicates. Results are expressed as means ± standard error (SE). Student t test was used with p ≤ 0.05 considered as significant.
Results
GUS assays under unstressed conditions
The ability of coffee CcDREB1D promoter haplotypes to control expression of the uidA reporter gene was firstly checked under unstressed conditions by histochemical GUS assays in leaf and root explants of T0 transgenic tobacco plants ( Fig. 1) as well as in young and entire T1 plants coming from three independent T0 events for each pHP construction (Fig. 2) . In both cases, the results of the GUS assays were compared with those for control plants transformed by the pBI121 and pBI101 vectors as positive and negative controls, respectively. As expected, blue coloration was undetectable in roots and leaves of T0 (Fig. 1) and T1 ( Fig. 2) plants transformed with pBI101. However, intense GUS activity was observed in roots and leaves of T0 and T1 of pBI121-transformed plants, confirming the constitutive and high expression of the cauliflower mosaic virus 35S (CaMV35S) promoter in tobacco (Benfey and Chua 1990) .
For the two shortest constructions (pHP16S and pHP17S), no GUS staining was observed in leaves of T0 plants (Fig. 1) . For both constructions, a very faint blue coloration was observed in roots, mainly in the vascular tissues (stele) but not in the root apex (data not shown). For T0 plants transformed with the three longest constructions (pHP15L, pHP16L and pHP17L), slight blue colorations were observed in leaf secondary lateral veins but also in several areas of leaf lamina close to those veins. For roots, intense GUS staining was observed in the cortex and vascular tissues of pHP16L-transformed plants, while faint GUS activity was observed in vascular tissues of pHP15L plants. However, no GUS activity was detected in roots of pHP17L-transformed plants.
As it was not possible to perform destructive GUS assays using entire primary (T0) transformed tobacco plants, histochemical assays were also performed in young (3 weeks old) and entire kanamycin-resistant T1 plants germinated in vitro. For the longest constructions (pHP15L, pHP16L and pHP17L), GUS staining was carried out using T1 plants from independent T0 events (Fig. 2) . For each construction, this enabled the identification of three different responses of GUS staining depending of T0 transgenic events: (i) type #1 with T1 plants completely unstained, (ii) type #2 with T1 plants showing slight blue colorations, mainly in petiole vascular tissues, shoot apical meristem and leaf primary veins and (iii) type #3 with T1 plants presenting intense staining in leaf primary veins and roots. In the case of T1 plants transformed by pHP15L, entire or patchy colored leaf lamina was also observed. For each construction, high magnification also revealed intense GUS activities in trichomes of the leaf lamina (Fig. 3) .
Dehydration stress
In a first attempt to induce expression of the uidA reporter gene by abiotic stress, only T0 plants transformed with the longest constructions (pHP15L, pHP16L and pHP17L) were subjected to dehydration (DH) assays (Fig. 4a) . In pHP15L-transformed plants, very faint GUS staining was observed in the midrib of T0 leaf explants after 2 h but not in the other samples. Whatever the duration of DH treatment, GUS staining was neither observed in leaf explants of pHP16L plants. For pHP17L-transformed plants, GUS activity was clearly observed after 2 and 4 h, mainly in leaf vascular tissues. However, no visible coloration was detected after 6 h, or at 0 h (control) and after 7 days of recovery (R). In these plants, Table 1 List of primers used in the present study The GUS-F/R and NtACT-F/R primer pairs were used to amplify uidA (reporter gene) and NtACT (reference gene) cDNA sequences, respectively, during RT-qPCR experiments Primers Sequences GUS-F 5′-GCA CTA GCG GGA CTT TGC AA-3′ GUS-R 5′-CGC GAA GCG GGT AGA TAT CA-3′ NtACT-F 5′-CCA CTG CTG AAC GGG AAA TT-3′ NtACT-R 5′-GCT GCT CTT GGC AGT GTC AA-3′ Fig. 2 Histochemical localization of GUS activity in pHP-transformed tobacco plants under unstressed conditions. For each construction, three independent T0 transgenic events (#1, #2 and #3) were selected and GUS staining was performed in three different T1 plants (3 weeks old). WT and pBI101-transformed plants were used as negative controls and those transformed by pBI121 as a positive control. For all images, the scale corresponds to 1 cm uidA gene expression increased significantly (p ≤ 0.002) after 2 h of treatment and declined afterwards to become undetectable after 6 h of treatment, as observed in unstressed (0 h) and recovered (R) plants (Fig. 4b) . Regarding expression levels, the peak of uidA gene expression detected after 2 h appeared significantly lower (≈ 14-fold, p ≤ 0.001) than that measured in pBI121-transformed plants. GUS staining was also studied in young T1 plants coming from pHP17L-transformed T0 events previously characterized to produce unstained GUS descendants (Fig. 4c) . While no coloration was observed at 0 h, intense GUS activity was detected in petioles after 6 h of DH and declined after 12 h. However, all our efforts failed to detect uidA transcripts in aerial tissues of these T1 plants after 6 and 12 h of DH treatments (data not shown).
Heat shock stress
T0 transformed plants previously subjected to DH treatment were further submitted to heat shock (HS) condition. No GUS activity was detected in leaves of HS-treated plants transformed by pHP15L and pHP16L constructions (data not shown). However, low GUS activity was observed after 2 and 4 h of heat shock (HS) treatment in the principal leaf vein of pHP17L-transformed T0 plants, but was undetectable in leaves of unstressed (0 h) and recovered (R) plants (Fig. 5a ). In these plants, uidA gene expression was undetected in leaves at 0 h (unstressed control) but increased significantly (p ≤ 0.01) after 2 h of treatment and decreased afterwards (Fig. 5b) . As a positive control, uidA gene expression levels in pBI121-transformed plants were very high [≈ 50-fold higher (p ≤ 0.002) than uidA expression measured at 2 h of HS in pHP17L plants]. GUS staining was also performed in young pHP17L-transformed T1 plants subjected to an extended HS time (Fig. 5c) . In that case, no GUS staining was observed at 0 h (unstressed control), but slight blue colorations were detected from 6 to 48 h of HS stress, mainly in the petioles and basal regions of the youngest leaves, but not in other tissues. Whatever the duration of HS treatment, uidA gene expression was undetectable in aerial parts of these young T1 plants transformed by pHP17L (data not shown).
Cold stress
As the height of the plants T0 previously analyzed during the DH and HS treatments was too high to easily achieve other experiments, cold stress (CS) treatments were performed using young (3 weeks old) T1 plants coming from T0 events transformed with the long pHP constructions and giving type #1 (unstained) T1 plantlets (Fig. 6) . In pHP15L-transformed T1 plants, no GUS staining was observed at 0, 12 and 24 h of stress, or in recovered (R) plants (Fig. 6a) . However, GUS staining was detected after 36 and 48 h, mainly in leaf lamina, petioles and vascular tissues, but not in roots. In pHP16L-transformed T1 plants, GUS activity was not observed at 0, 12 h, or in R plants but faintly detected after 24, 36 and 48 h of CS treatment, mainly in petioles and leaf basal regions. In pHP17L-transformed T1 plants, GUS activity was detected after 12, 24, 36 and 48 h of CS treatment, mostly in leaf petioles and midribs but also in tip regions. For all these constructions, uidA gene expression was undetectable in unstressed and recovered (R) T1 plants (Fig. 6b) . In pHP16L-plants, CS treatment induced uidA gene expression that did not present significant variation over stress duration. However, these transcripts were accumulated significantly at 12 h (p ≤ 0.004) and 24 h (p ≤ 0.001) in pHP15L-and pHP17L-transformed T1 plants, respectively. In these plants, uidA gene expression levels were quite similar, with relative expression values ranging from 0.2 to 1.2 AU (arbitrary units), which appeared 45-fold (p ≤ 0.0002) weaker than expression detected in T1 plants transformed by pBI121.
Discussion
As part of our main objectives in investigating the molecular mechanisms underlying drought acclimation in coffee GUS activity and expression in T0 transformed tobacco plants (12 weeks old) subjected to dehydration (DH) treatment. a leaf GUS staining in pHP15L-, pHP16L-, and pHP17L-transformed tobacco plants. b uidA gene expression in pHP17L-transformed tobacco plants after 2, 4 and 6 h of DH. R recovered plants grown without stress for 7 days. Wild type (WT) and pBI121-transformed tobacco plants were used as negative and positive controls of gene expression, respectively. For pBI121, uidA relative expression levels correspond to the mean of expressions measured in plants subjected to DH. Expression of the NtACT gene was used as the endogenous reference to measure the relative quantification. The results are expressed in arbitrary units (AU) using sample pHP17L/2 h-DH as the internal calibrator (relative expression = 1). The values of three technical replications are presented as a mean ± SD (bar). c GUS staining of young (3 weeks old) T1 plants transformed with pHP17L and subjected to 6 and 12 h of DH. The star indicates a significant change. For all images, the scale (black bar) corresponds to 1 cm plants, the main purpose of this work was to study coffee CcDREB1D promoter haplotypes by analyzing their ability to control the expression of the uidA reporter gene in transgenic tobacco plants subjected to different abiotic stresses.
As a control, GUS activity was firstly monitored by histochemical staining in different organs (i.e., leaves and roots) of T0 and T1 plants transformed by pHP constructions and grown under unstressed conditions. Although low, GUS staining was observed mainly in the leaf veins and lamina of T0 plants transformed with the three longest (pHP15L, pH16L and pHP17L) constructions. It is worth noting that this background of GUS activity was observed in leaves of Wild type (WT) and pBI121-transformed tobacco plants were used as negative and positive controls of gene expression, respectively. For pBI121, uidA relative expression levels correspond to the mean of expressions measured in plants subjected to HS. Expression of the NtACT gene was used as the endogenous reference to measure the relative quantification. The results are expressed in arbitrary units (AU) using sample pHP17L/2 h-HS as the internal calibrator (relative expression = 1). The values of three technical replications are presented as a mean ± SD (bar). c GUS staining of young (3 weeks old) T1 plants subjected to 6, 12, 24, 36 and 48 h of HS. The star indicates a significant change. For all images, the scale corresponds to the black bar (1 cm) Fig. 6 GUS activity and expression in young (3 weeks old) T1 pHPtransformed tobacco plants subjected to cold stress (CS) treatment. a GUS staining of entire plants transformed with pHP15L, pHP16L and pHP17L constructions and subjected to 12, 24, 36 and 48 h of CS. R recovered plants grown without CS for 7 days. For all images, the scale corresponds to the black bar (1 cm). b uidA gene expression in plants transformed with pHP15L, pHP16L and pHP17L constructions and subjected to CS treatment. Total RNAs were extracted from the aerial part of T1 plants at 0 h (unstressed) and after 12, 24, 36 and 48 h of CS, as well as from recovered plants (R). Wild type (WT) and pBI121-transformed tobacco plants were used as negative and positive controls, respectively. For pBI121, uidA relative expression corresponds to the mean of expressions measured in pBI121 plants subjected to CS. Expression of the NtACT gene was used as the endogenous reference to measure the relative quantification. The results are expressed in arbitrary units (AU) using sample pHP17L/24 h-CS as the internal calibrator (relative expression = 1). The values of three technical replications are presented as a mean ± SD (bar). The stars indicate a significant change 6-week-old T0 plants (Fig. 1) , but not in those of 12-and 16-week-old plants (Figs. 4, 5) , suggesting a developmentally-regulated activity of these coffee promoters in tobacco. In the 6-week-old T0 plants, GUS activity was no longer detected in leaves of pHP15S-and pHP17S-transformed plants. This observation could be a direct consequence of 5′ deletions of CcDREB1D promoters that led to the loss of some DNA boxes in the shortest constructions necessary for leaf-specific expression of these sequences (see discussion below). For a clearer understanding of the effects of plant development on the different CcDREB1D promoter haplotypes, histochemical GUS assays were performed using entire T1 plants from independent T0 events transformed with their longest constructions. In all cases, it was possible to identify T0 events giving early stage T1 plants that were completely unstained or with slight blue GUS staining, as well as T1 plants with intense blue staining in leaves and roots. Such variations in GUS activities between T1 plants transformed by the same vectors are mostly due to the so-called T-DNA "position effects" in independent T0 transgenic events (Peach and Velten 1991) . The basal activity of the coffee CcDREB1D promoters observed in young and unstressed T0 tobacco transformants is similar to the DREB1D/CBF4 gene expression also reported in leaves of unstressed Vitis vinifera (Zandkarimi et al. 2015) . High GUS activities were also observed in vascular regions of young A. thaliana seedlings transformed with the rice (Oryza sativa) OsDREB1B promoter::uidA vector and grown under unstressed conditions (Gutha and Reddy 2008) . High DREB1/CBF gene expression under unstressed growing conditions was also reported in young tissues (radicle, flag leaf, and panicle) of rice (Mao and Chen 2012) , as well as in young leaves of poplar (Chu et al. 2014 ) and grape (Xiao et al. 2006) , for example. Similar observations were also made in A. thaliana transformed with the AtDREB2C promoter::uidA construction . In that case, DREB2C gene expression was observed during seedling germination and continued during plant development. Active transcription under normal physiological condition was also reported forOsDREB1F (Wang et al. 2008) and OsDREB1C (Dubouzet et al. 2003 ) rice genes and tomato NAC genes SlNACMTF1 and SlNACMTF2 (Bhattacharjee et al. 2017) suggesting that such transcription factors may assume housekeeping functions in addition to protect developing tissues in young plants. The detection of GUS activities in trichomes of pHP-transformed plants is also worth noting but not surprising when considering the roles of these specialized epidermal appendages in regulating leaf surface temperature, decreasing water loss and protecting plant tissues against UV, for example (Werker 2000; Wagner et al. 2004) .
Histochemical assays were performed using fully expanded leaves of T0 plants independently transformed by pHP constructions and subjected firstly to dehydration (DH) and secondly to heat shock (HS). Although low, GUS activities were detected mainly in leaf veins of pHP17L-transformed plants after 2 and 4 h of DH but also after 2 h of HS treatment. GUS activity was also slightly observed in the leaf midrib of pHP15L-transformed plants after 2 h of DH, but undetectable in leaf explants of pHP16L-transformed plants. In addition, no GUS activity was detected in leaf explants of T0 plants transformed with the shortest (pHP16S and pHP17S) constructions. In parallel, uidA gene expression increased in the DH and HS treatments only in pHP17L-transformed plants, with a peak of corresponding transcripts at 2 h followed by their rapid fall in levels. These results are consistent with those recently reported by Thioune et al. (2017) , showing a rapid up-regulated expression of CcDREB1D in leaves of C. canephora subjected to low humidity and different HS temperatures. In these cases, a sharp increase of DREB1D transcripts was observed at 35 °C with at peak at 45 min of HS, followed by a fall in levels while smaller and earlier (at 30 min) induction of this gene was seen at 42 °C.
Even though the results presented here showed that the three CcDREB1D promoter haplotypes functioned in different manners in response to abiotic stress in tobacco, they demonstrated that these coffee sequences were functional and correctly regulated by the tobacco transcriptional machinery, as previously reported by Marraccini et al. (1999 Marraccini et al. ( , 2003 and Cotta et al. (2014) .
The fact that GUS activity was detected under DH and HS in leaf explants of T0 tobacco transformed by pHP17L but not in those transformed by pHP17S suggests that the 5′ deletion of this haplotype clearly altered its activity. This could be explained by the fact that the 704 bp upstream region of CcDREB1D promoters contains several DNA boxes essential for their leaf-specific expression (Fig. 7) like the GT-1 (consensus GRWAAW, R = [A, G] and W = [A, T]) DNA binding sites well known to be essential regulatory elements for light-regulated expression of many leaf-expressed genes (Terzaghi and Cashmore 1995) . The upstream region of the CcDREB1D promoter haplotypes also contains several putative MYB-DNA binding sites that could act as potential positive regulators of expression, such as MYB2AT (YAACTG, Y = [C, T]) binding sites required for AtMYB2 induction of salt and dehydration responsive genes (Abe et al. 2003) , and two MYB1AT (WAACCA) binding sites of MYB15 transcription factor regulating guard-cell stomatal closure under water-deficit conditions (Ding et al. 2009 ). This upstream region of CcDREB1D promoters also harbors one ABA responsive element (ABRE)-like sequence (ACGTG) required for etiolation-induced expression of erd1 (early responsive to dehydration) in Arabidopsis (Simpson et al. 2003) , and two DOF (DNA-binding one zinc finger) binding sites (WAAAG) which are key boxes mediating guard-cell specific gene expression (Plesch et al. 290 Plant Cell Tiss Organ Cult (2018) 132:279-294 1 3
2001; Cominelli et al. 2011) . It also carries W-boxes that are binding sites of WRKY-group transcription factor known to respond to biotic stress involving hormone signal transduction such as salicylic acid (Mandal et al. 2015) . The presence in CcDREB1D promoter haplotypes of conserved binding sites for multiple stress related transcription factors suggests the existence of tight crosstalk between abiotic and biotic pathways (Fujita et al. 2006; Robert-Seilaniantz et al. 2011; Santino et al. 2013) . Such crosstalk can explain why the drought-tolerant clone 14 of C. canephora Conilon also presents multiple resistances to several species of Meloidogyne, the major root-knot nematode infesting coffee roots (Lima et al. 2014 (Lima et al. , 2015 .
The loss of function/regulation of CcDREB1D haplotypes observed after 5′ deletion is not surprising since expression of DREB1/CBF genes relies on combinatorial control by several transcription factors (Lindlöf et al. 2009 ). For these reasons, and also because we recently reported CcDREB1D up-regulated expression in leaves of C. arabica subjected to cold in addition to dehydration and heat shock treatments , only T1 plants transformed with pHP15L, pHP16L and pHP17L constructions were further subjected to the cold stress (CS) treatment. For all these constructions, GUS activity was mainly observed in aerial parts but not in roots. Interestingly, different GUS activities were observed between these constructions. For example, GUS staining was observed in petioles and leaf midribs of cold-stressed T1 plants transformed by pHP16L and pHP17L but not in those transformed by pHP15L. In addition, GUS-stained leaf regions differed between pHP16L-and pHP17L-transformed plants, with GUS activity detected preferentially in leaf basal regions for the former construction and leaf tip regions for the latter, suggesting different spatio-temporal regulation of the CcDREB1D haplotypes in T1 tobacco plants. Up-regulated expression of the uidA reporter gene was also observed under CS in aerial parts of all T1-transformed plants. This increase in uidA gene expression, quite well related with GUS activities, might involve the participation of the ICEr2 (inducer of CBF expression region 2 = ACT CCG ) binding site (Zhang et al. 2004) found in the HP15/HP16 (but not HP17) haplotypes of the coffee CcDREB1D promoter (Alves et al. 2017 and Fig. 7 ) and ICE1 (CANNTG) cis-acting element containing a MYC-recognizing core sequence (Zarka et al. 2003) In that sense, it is worth noting that the number and disposition of these boxes are highly conserved in HP15/HP16 haplotypes but diverged slightly from those of HP17 (Fig. 7) . The results for GUS staining and gene expression obtained in CS-treated T1 plants contrasted with those obtained during DH and HS treatments, the uidA transcripts being undetectable in T1 plants transformed by pHP15L and pHP16L constructions. In a recent study, Thioune et al. (2017) reported that the peak of CcDREB1D transcripts was observed rapidly (between 30 and 45 min) of HS treatment and fallen drastically afterwards. Considering that DREB1D transcripts detected in leaves of C. canephora reflect directly the regulation of its corresponding promoters, it is possible to explain the difficulties to detect uidA transcripts inT1 transformed plants under DH and HS treatments by the fact that leaves used to extract RNA were sampled after the peak of uidA gene expression. Even though the HP15, HP16 and HP17 CcDREB1D promoter haplotypes contain several highly conserved cisregulatory elements (CREs) already reported to control gene expression by biotic and abiotic stress conditions, the differences in GUS expression reported here between the pHP-transformed tobacco plants strongly suggest that discrete nucleotide polymorphisms (such as insertions/deletions) localized outside of CREs, rather than the presence/ absence of CREs, are involved in fine-tuning the regulation of CcDREB1D promoters (Alves et al. 2017) .
Assuming that the function of coffee CcDREB1D promoters in transgenic tobacco reflects the regulation of this gene in coffee plants, the uidA expression patterns presented here clearly showed up-regulation of these promoters (at least of the HP17 haplotype) by dehydration (DH), heat-shock (HS) and cold (CS) treatments. These observations, in addition to those of CcDREB1D gene expression profiles observed in leaves of drought-stressed C. canephora (Marraccini et al. 2012; Vieira et al. 2013 ) and promoter analyses in transgenic plants of C. arabica (Alves et al. 2017) , clearly indicate that the CcDREB1D gene plays a key role in the response of coffee plants to abiotic stress.
The results of temporal gene expression presented here also revealed the rapid accumulation of uidA transcripts in the DH, HS and CS treatments, therefore indicating tight regulation of coffee CcDREB1D promoters in tobacco by these types of abiotic stress, as also reported for many plant DREB/CBF-encoding genes (Lata and Prasad 2011) . Even though some differences were observed between pHP constructions, it is worth noting the detection of GUS activities preferentially in midribs and secondary veins in (old) leaves of T0 tobacco plants, and in petioles and midribs in (young) leaves of T1 plants. In one sense, these results are similar to those observed in transgenic Arabidopsis with PIP (plasma membrane intrinsic protein) promoters of aquaporin genes controlling uidA gene expression (Prado et al. 2013) . As regards promoter-tissue specificity, the promoters of the OsDREB1B (Gutha and Reddy 2008) and AtDREB2C ) genes were also reported to target the expression of the uidA reporter gene in stem vascular tissues and the vasculature of various tissues of transgenic Arabidopsis, respectively. Together with the expression of other genes expressed in vascular tissues (Wenzel et al. 2008; Osakabe et al. 2014; Mandal et al. 2015) , vascular specific-expression of DREB/CBF-encoding genes suggests an essential role of their corresponding proteins in maintaining the vascular structure and/or function of plants subjected (or not) to different types of stress.
It is also worth mentioning the results of uidA gene expression in T1 plants transformed by pHP17L, with the transcripts reaching a peak after 2 h of exposure to DH and HS, then decreasing and becoming undetectable afterwards, while they were continuously detected during CS treatment. This observation clearly suggests that the HP17 haplotype of the CcDREB1D promoter functioned in a different manner in the DH/HS and CS treatments. The uidA gene expression studies carried out in the DH, HS and CS treatments also showed the weakness of the three long CcDREB1D promoter haplotypes compared to the CaMV35S promoter and also to other coffee promoters previously studied in tobacco (Marraccini et al. 1999 (Marraccini et al. , 2003 Cotta et al. 2014) . Even though we cannot completely rule out the possibility that DNA motifs required for stronger activity of CcDREB1D promoters were missed in our constructions, the weakness of DREB promoter sequences might also reflect a general characteristic of TF-encoding genes which are generally weakly expressed in plants (Czechowski et al. 2004) .
The fact that the three CcDREB1D promoter haplotypes were up-regulated in transgenic plants under cold treatment clearly demonstrated that the molecular mechanisms implicated in the transcriptional control of this promoter by abiotic stress are probably highly conserved between tobacco and coffee plants. We also reported that the HP17L promoter haplotype of CcDREB1D, but not HP15L and HP16L, was significantly up-regulated by DH and HS treatments. A different situation was observed in transgenic coffee where HP16 haplotype had greater strength and longer activity under water deficit than HP15 and HP17 haplotypes (Alves et al. 2017) . Such discrepancy could reflect the occurrence of discrete differences between tobacco and coffee plants in the fine-tuning the regulation of CcDREB1D promoters regarding abiotic stress, there highlighting the importance of studying promoter regulation in homologous rather than in heterologous transgenic systems.
